Dedication
I gratefully and lovingly dedicate the second edition of this book to Betty, my late best friend and wife for over 58 years, and to our children: David, Marty, Carol, and Alan. Over the years, they have all encouraged me to continue writing technical books and teaching short courses because I really enjoy such efforts. Further, I cannot as yet see my way clear to abandon my adopted field of optomechanics to just sit on the sun porch or in a rocking chair by the fireplace and let the rest of the world have all the fun. 
Preface to the Second Edition
This second edition of Mounting Optics in Optical Instruments updates and expands the prior discussions of pertinent technologies for interfacing optics with their mechanical surroundings in optical instruments. The general format of the first edition is maintained, but some topics are repositioned to fit better into the contexts of the various chapters.
Two new chapters-one with expanded coverage of the design, fabrication, and mounting of metallic mirrors, and another dealing with aligning single and multiple lenses and reflecting optical systems-have been added.
The entire text of the book has been rewritten to help clarify many technical details, to correct some misleading statements in the earlier version, and to add new material. All equations that carry over from the first edition have been checked and a few corrections made. New equations have been added as appropriate to enhance the technical content of the new edition. As Jacobs' once said: "it is not possible to make drawings that clearly show the functioning of optical instruments without exaggeration of some details. In some cases, these exaggerations lead to technical absurdities." I also believe that, in a work of this sort, the primary purpose of a drawing can be to instruct rather than to be an exact representation of an original. For this reason, I have not hesitated to exaggerate drawing details whenever appropriate for the sake of clarity.
Specific major improvements in this edition are as follows:
In Chapter 1 (Introduction), useful information regarding stress-induced birefringence and radiation effects in glasses has been added. Discussions of environmental effects on optics and on optical instruments are expanded. A basic procedure for tolerancing optics is outlined, and the possible effects of tightening tolerances for typical component parameters on costs of those components are indicated. Key techniques for making mechanical parts for optical instruments are summarized. The number of figures has grown -400%.
• In Chapter 2 (Optic/Mount Interface), the important topic of centering optics in their mounts is significantly expanded. Various techniques that can be used to measure lens centration errors are explained. Basic techniques for sealing instruments statically and dynamically are illustrated. The number of pages has grown by 67%, and the number of figures has increased by -33%.
In Chapter 3 (Mounting Single Lenses), a new method is suggested for estimating the appropriate axial preload on lenses when those lenses are not otherwise constrained radially and are exposed to transverse accelerations. Techniques for estimating the weights and the locations of centers of gravity for lenses of different configurations are outlined and illustrated with examples. Methods for determining the annular thicknesses required in athermal elastomeric ring mountings for circular optics are outlined and the significance of the elastomer's Poisson's ratio in these calculations is explained. The size of the chapter and the number of figures have remained constant, but the number of equations has increased by -33%.
• Chapter 4 (Mounting Multiple Lenses) now includes descriptions of hardware designs for a large astrographic objective, assemblies featuring lenses mounted in poker-chip fashion, and optomechanical designs for high acceleration applications. Details are added regarding various photographic lenses, all-plastic lens assemblies, and mechanisms used to focus lenses and to change (i.e., zoom) their focal lengths. Page and figure counts have increased by -22% and -49% respectively.
• In Chapter 5 (Mounting Windows, Filters, Shells and Domes) we now include examples of designs in which the optic contours conform more or less to the skin configurations of the structure. A design for a fail-safe dual-pane window suitable for photographic use in a commercial aircraft also is referenced. The size of this chapter has increased 20%, and the figure count grew 53%.
• Chapter 6 (Prism Design) once again shows designs for various prisms and includes several types not previously included. The page count and the number of figures have increased more than 20%.
• Chapter 7 (Mounting Prisms) is basically unchanged from the corresponding chapter in the first edition.
• Chapter 8 (Mirror Design) now includes additional information on image orientation control, the layout of simple two-mirror periscopes, silicon and metallic foam-core mirrors, the adaptive secondary mirrors for the Large Binocular Telescopes, the beryllium secondary for the Very Large Telescope, and the James Webb Space Telescope segmented primary. Page count is increased by -45%, the number of figures by -62%, and the number of equations by -44%.
In Chapter 9 (Mounting Smaller Mirrors), we have added descriptions of mountings for small circular mirrors with multiple discrete bond joints to structure on the mirror's back surface and on its rim. Equations given previously for design of a 9-point Hindle mount for axial support of circular solid mirrors have been augmented to allow the nominal design of an 18-point mount. Page and figure counts have increased slightly.
Chapter 10 (Mounting Metallic Mirrors) is expanded significantly as compared to the treatment of this subject as a section of Chapter 9 in the first edition. A much more detailed treatment of the use of single point diamond turning (SPDT) fabrication techniques is now included. Several additional examples of hardware designs are described. Many of these designs feature flexures that isolate the optical surface from forces delivered by the mounting. Published developments of platings for metallic mirror surfaces are summarized briefly and some effects of key types on mirror performance under temperature changes are indicated. Subject matter coverage, as measured by either page count or the number of figures, has increased manyfold.
Chapter 11 (Mounting Larger Mirrors) has been reformatted to group designs into axis horizontal, axis vertical, axis variable, and space borne applications. Many of the included designs depict key developments that have allowed significant performance enhancement and size growth in astronomical telescope systems. The page count and number of figures for this important topic are both increased by -30%. Chapter 12 (Aligning Lens and Mirror Systems) is a new chapter amplifying the material previously in sections of Chapters 3 and 4. New topics include the use of a modified alignment telescope and of a Point Source Microscope * to align individual and multiple lenses. Also added are descriptions of an extremely precise method for aligning very high performance microscope objectives and of a method for determining which components to adjust during final assembly to optimize performance of complex systems. Page count and the number of figures are increased by -300% and -400% respectively.
In Chapter 13 (Estimating Mounting Stresses), previously published research leading to the now generally accepted rule-of-thumb limit, or tolerance, of 1000 lb/in. 2 (6.89 MPa) for tensile stress created in a typical glass optic by applied mounting force is summarized. The effects of surface flaws, such as scratches or subsurface cracks, on this tolerance also are indicated. If the worst-case condition of the surfaces on the optic is known or can be estimated, the useful lifetime of the optic can be predicted statistically. As in the prior edition, computational methods, many utilizing equations developed by Roark2 for peak compressive stresses generated in the contacting optical and mechanical members, are applied to various types of mechanical interfaces with optical components. These computations are extended in this edition by utilizing theory from Timoshenko and Goodier3 to quantify the corresponding tensile stresses in the optic. We then show how the suitability of a given optomechanical mounting design can be determined by comparison of these stress levels with the rule-of-thumb tolerance. The scope of the subject matter treatment in this edition (measured by page count and numbers of figures and equations) has slightly changed from that in the prior edition.
In Chapter 14 (Temperature Effects), we have extended the previously published discussion of how temperature changes affect axial and transverse mounting forces. Several pertinent factors not considered in the first edition are defined. Some, but not all, of these can be quantified using available theory. In the absence of complete methodology for quantifying temperature effects on any given hardware design, we now advocate the provision of a controlled amount of compliance in the mechanical design of that hardware so as to minimize these temperature effects. Several typical practical design examples are considered. The page count of this chapter is expanded by >36% while the number of figures is increased by >46%.
Chapter 15 (Hardware Examples) continues the practice established in the first edition of discussing the optomechanical designs of selected hardware items to illustrate many of the topics considered in the text. In this edition, twenty such examples are given while, in the prior edition, there were thirty. This, however, does not represent a reduction in the book's total technical scope because some new examples have been added to this chapter, and many of the previous examples are now discussed in the context of the pertinent technology in earlier chapters.
• Appendices A and B to the new edition provide unit conversion factors and some updated values for properties and other characteristics of the materials used in optomechanical design. As before, Appendix C derives the torque-preload relationship for a threaded retaining ring. It is often helpful to know early in the design phase how an optical component, subassembly, or complete instrument will eventually be tested to prove its suitability to withstand adverse environmental conditions. Appendix D, paraphrased from ISO Standard 9022, summarizes test methods that might be applied to simulate various environments.
Once again, a CD-ROM is provided with this book so the reader can access Microsoft Excel worksheets that use the -250 equations given in the text to solve the numerical examples intermingled with the technical discussions as well as to design prisms and prism assemblies that are described here. The worksheets are configured so new input data can be inserted to create new designs or to conduct parametric analyses.
I acknowledge the contributions of the many friends and associates who provided new information to this book or helped me clarify confusing matters previously presented. In particular, thanks are offered to Daniel Vukobratovich and Alson E. Hatheway who have helped me understand many pertinent intricacies of optomechanical design. On the editorial side, I sincerely thank Merry Schnell and Scott Schrum, who helped me straighten out editorial details and kept the production schedule moving at SPIE Press. While all contributors tried valiantly to help me present the technical material clearly and correctly, total responsibility for any errors that remain rests on my shoulders. Finally, I sincerely hope this book proves useful to all its readers. 
Preface to the First Edition
This work is intended to provide practitioners in the fields of optical engineering and optomechanical design with a comprehensive understanding of the principal ways in which optical components such as lenses, windows, filters, shells, domes, prisms, and mirrors of all sizes typically are mounted in optical instruments. It also addresses the advantages and disadvantages of various mounting arrangements and provides some analytical tools that can be used to evaluate and compare different optomechanical designs. The presentation includes the theoretical background for some of these tools and cites the sources for the most of the equations listed. Each section contains an illustrated discussion of the technology involved and, wherever feasible, one or more worked-out practical examples.
Two chapters deal with the fundamentals of design for optical components. These are Chapter 6 on prism design and Chapter 8 on mirror design. These topics are considered appropriate, and indeed necessary, as background for considering how best to mount these very important types of optics.
The book is based, in part, on short courses entitled Precision Optical Component Mounting Tec hniques and Principlesf or Mo unting Optical C omponents offered by SPIE-The International Society for Optical Engineering-that I have had the privilege of teaching over a period of several years. Many, but not all, of the techniques for mounting optics covered here have been presented previously in the tutorial texts Mounting Lenses in Op tical Instruments and Design and Mo unting of Pri sms a nd S mall Mirrors i n Optical Instruments 2 as well as in my earlier reference book Opto-Mechanical Systems
Design. 3 Several recent designs for mounting optics are included here to broaden the coverage and to bring the material more nearly up to date. Coverage of window-type optics and of large mirrors has been expanded over the previous works.
Wherever possible, numerical values given in this book are expressed in both the metric or Systeme International (SI) units and the units in customary use in the United States and Canada. The latter are abbreviated in this book as "USC" as in some recent textbooks. Examples taken directly from the literature may be expressed only in the system used by the original author. Units can be easily changed from one system to the other through use of the conversion factors given in Appendix A.
All the designs discussed here are drawn from the literature, my own experiences in optical instrument design and development, and the work of colleagues. I acknowledge with my deepest thanks the contributions of others, including the many participants in the above-mentioned SPIE short courses and the readers of my previous books, and sincerely hope that I have accurately recorded and explained the information they have given to me. I acknowledge and thank Donald O'Shea and Daniel Vukobratovich, who reviewed the manuscript for this book and suggested many improvements. I also thank Mary Haas, Rick Hermann, and Sharon Streams for their outstanding copy editing and editorial suggestions. While these people helped me to present the material clearly and correctly, I am solely responsible for and deeply regret any errors that remain. One particularly annoying error is that the headings on even numbered pages differ from the actual title of the book! The mounting stress theories discussed in Chapter 11 are considered to be conservative approximations. They are intended to indicate whether a given design can be judged to be adequate from a stress viewpoint or if it should be analyzed by more elaborate finite-element and/or statistical techniques. The same is true of the treatment of temperature effects on axial preload in Chapter 12. These topics would benefit greatly from further investigation, refinement, and (it is hoped) verification by other workers based on more precise computational methods, such as finite-element analysis. I would welcome comments, corrections, and suggestions for improvements in the presentations of these topics and/or in any other portion of this book.
A feature included with this book is a CD-ROM containing two Microsoft Excel worksheets that allow convenient use of the many equations given in this text to solve typical optomechanical interface design and analysis problems. Some of these equations are relatively complex, so the worksheets have been developed to facilitate equation use and to reduce the chance of improper parameter application. The 102 files included in each worksheet correspond to designs and/or numerical examples worked out in the text. Input values pertaining specifically to those examples are listed. The two worksheets on the disk are different versions of the same program. In Version 1, data inputs are in U.S. Customary units while in Version 2 inputs are in metric units. In both cases, all data are presented in both sets of units. A table of files (with hyperlinks) is provided in each worksheet to assist in finding the proper file for a specific computation. The examples in the text are cross-referenced to the applicable worksheet files. Custom solutions to problems similar to the examples in the text can be obtained by revising the input data in the file as appropriate for the case to be evaluated. The program will then automatically solve the problem using those inputs and the appropriate equations from the text. This tool should be especially useful when parametric analysis of variations of key parameters is needed to obtain an optimum design.
I sincerely wish for the users of this book and of the CD-ROM a deepening understanding of the technologies discussed and success in the application of the concepts, designs, and analysis techniques presented here.
Terms and Symbols
This list of the terms and symbols used in this book is intended to help the reader sort through the shorthand language of the various technical topics and the equations used to express the relationships so useful in the design process and the analysis of designs. The author has attempted to be consistent in the use of symbols for variables throughout the text, but there are occasions where the same symbol has more than one meaning. To some extent, customary usage in the field of optomechanics has dictated the use of a specific term or terms, The symbol a is a good example since it is used to represent the coefficient of thermal expansion for a material when the common abbreviation CTE is not appropriate, as in equations. Subscripts are frequently used to identify the specific application of a symbol to a specific material (as in the use of aM to designate the CTE for a metal as distinguished from aG for a glass). We list here fundamental parameters and their units, frequently used prefixes, Greek symbol applications, acronyms, abbreviations, and other terms found in the text. Symbols representing variables are italicized in the equations. 
Units of Measure

